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This paper uses a dynamic panel data for 23 OECD and 50 non-OECD countries for the 
time period 1960-1990 in order to estimate the relationship between economic 
development (in the form of GDP) and environmental pollution (in the form of sulphur 
emissions). Panel data econometric techniques are applied for performing our empirical 
estimation. The analysis shows significant differences between the most industrialized 
countries and the rest of the countries considered. This implies that policies to control 
pollution have to take into consideration the specific economic situation as well as the 
structure of the industrial and the business sectors in each region. Finally, in terms of 
policy implications, the study discusses the main abatement options for sulphur 
reduction.  
 
   2
1. Introduction 
  Kuznets (1965, 1966) showed that during the various economic development 
stages, income disparities first rise and then begin to fall. The environmental Kuznets 
curve (hereafter EKC) hypothesis proposes that there is an inverted U-shape relation 
between environmental degradation and per-capita income. Environmental damage 
seems to be lower in the most developed countries compared to many middle-income 
countries and higher in many middle-income countries compared to less developed 
countries. It is worth mentioning that an alternative form of the EKC hypothesis suggests 
that environmental degradation as a function of income is not a stable relationship but 
may depend on the level of income. This is because in this alternative form, there may 
exist one relationship for poor and another for rich countries. On the aggregate this 
would give an inverted U-like curve.  
A number of authors have estimated econometrically the EKC using OLS analysis. 
The use of OLS is not likely to yield accurate estimates of the peak levels.  Additionally 
to the fact that the use of OLS is not an appropriate technique in modelling the EKC, 
most of the empirical studies do not present diagnostic statistics of the regression 
residuals.  Due to this reason we cannot be certain that the peak levels provided -and 
the policy implications suggested - are accurate. Halkos and Tsionas (2001) using 
cross-sectional data obtained the following results:    
 
      Deforestation = -2.344 + 1.298 log GNP -0.243 [1/2(logGNP)
2] 
                (0.7824) (1.595)             (2.189)   
      Harvey  test for heteroskedasticity χ
2(2) = 9.213,  
     RESET   test for misspecification F(3, 55) = 3.03 
      BP test for heteroskedasticity  χ
2(2) = 1.427 
      Jarque-Bera Test for Normality: χ
2(1) = 4.67 
where t-ratios are presented in parentheses. These results indicate the existence of an 
EKC. However, the diagnostics imply the specification is totally unreliable as we see 
heteroskedasticity, misspecification and non-normality problems.  
The EKC estimates for any dependent variable (e.g. SO2, NOX, deforestation, 
etc.) peak at income, levels which are around the world’s mean income per capita.  
Income as expected is not normally distributed but skewed (with a lot of countries 
below mean income per capita). Arrow et al. (1995), Ekins (1997) and Ansuategi et 
al. (1998) provide a number of reviews and critiques of the EKC studies. Stern et al. 
(1996) identified a number of problems with some of the main EKC estimators and 
their interpretation.  They mention among others econometric problems, the mean-
median income problems, the interpretation of particular EKCs in isolation from other 
environmental problems, the assumption of unidirectional causality from growth to 
environmental quality and the reversibility of environmental change and the 
asymptotic behavior. Stern (1998) reviews these problems in details and shows where 
progress has been made in empirical studies. 
  In this paper, a dynamic panel data for 73 countries for the time period 1960-1990 
is used in order to estimate the relationship between Gross Domestic Product (GDP) and 
pollution in the form of sulphur emissions. Our empirical estimation is performed using 
fixed and random effects. To control for non-observable specific effects Two Stage Least 
Squares (2SLS) is applied. A random coefficients model formulation is also applied 
assuming that each parameter is a random variable. Countries are heterogeneous with 
different stochastic regression coefficients, which arise from a k -variate normal 
distribution. In this way we find out if there is cross-country variation in the parameters   3
and if this variation is so large that aggregate summarization is not useful at all.  
  The paper is organised as follows: Section 2 discusses the existing theoretical and 
empirical work. Section 3 discusses the econometric models. The empirical evidence is 
presented in section 4 together with the data used. The final section concludes the 
paper.  
2.  Previous work 
  A number of possible explanations exist for the inverse U-shape relationship. 
Natural progression of economic development goes from clean agricultural to 
polluting industrial and to clean service economies. The improvement in 
environmental quality may be the result of the change in the technological mode of 
production (de Bruyn, 1997; Han and Chatterjee, 1997) or of the exportation of “dirty 
industry” to less developed or developing countries (Rock, 1996; Suri and Chapman, 
1998). 
  In the formalization of the transition to the low-pollution state there is a group 
of authors that provide significant analyses of the role of preferences and regulation 
on the emissions profile of polluters (Lopez, 1994; McConnell, 1997; Stokey, 1998). 
A better institutional set up in the form of credible property rights; regulations and 
good governance may create public awareness against environmental degradation 
(Dinda et al., 2000).  
Another explanation relies on the fact that pollution will stop increase and start 
to decrease with economic growth because some constraints will become non-
binding. Stokey (1998) shows that pollution increases linearly with income until the 
threshold is passed and cleaner technologies can be used. The implied pollution-
income path takes the form of an inverse-V with a sharp peak, taking place at the 
point where a continuum of cleaner technologies becomes available. Jaeger (1998), 
similarly to Stokey, finds that the pollution income relationship is an inversed-V. 
Jaeger relies on the assumption that at low levels of pollution consumers’ taste for 
clean air is satisfied and marginal benefit of additional environmental quality is zero.  
  Finally, Andreoni and Levinson (2001) suggest another explanation due to the 
technological link between consumption of a desired good and abatement of its 
undesirable byproducts (pollution). Distribution issues may be considered another 
explanation. Torras and Boyce (1998) argue that the greater equality of incomes 
results in lower level of environmental degradation. This claim is challenged by 
Scruggs (1998).   Table 1 presents the relevant EKC studies for sulphur. 
3. Econometric methods 
  The model proposed here is a logarithmic quadratic estimated as:     
 ln(S/c)it = αi + γt + β1 ln(GDP/c)it  + β2 (ln(GDP/c))2
it + εit      (1) 
where the αi’s are country specific intercepts and the γi’s are time specific intercepts 
and the countries are indexed by i and time periods by t. S/c is sulfur emissions per 
capita in tons of sulfur and εit is a disturbance term. Both dependent (emissions per 
capita) and independent (PPP GDP per capita) variables are in natural logarithms.  
  Panel data methods are applied to estimate the above equation. The first 
method employed imposes the same intercept and slope parameter for all countries 
and it is therefore equivalent to OLS estimation (omitted for simplicity in some 
cases). The second method is the fixed effects (hereafter FE) allowing each individual 
country to have a different intercept treating the αi and γi as regression parameters. 
  This practically means that the means of each variable for each country are 
subtracted from the data for that country and the mean for all countries in the sample   4
in each individual time period is also deducted from the observations from that period. 
Then OLS is used to estimate the regression with the transformed data.  
  The third model is the random-effects (hereafter RE) in which the individual 
effects are treated as random. In this model the αi and γi are treated as components of 
the random disturbances. The residual from an OLS estimate of the model with a 
single intercept are used to construct variances utilized in a GLS estimates (for further 
details see Hsiao, 1986). If the effects αi and γi are correlated with the explanatory 
variables then the random effects model cannot be estimated consistently (Hsiao, 
1986, Mundlak, 1978). Only the fixed effects model can be estimated consistently. 
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  To control for non-observable specific effects Two Stage Least Squares 
(2SLS) was applied but the results were insignificant. Due to exogeneity strict 
requirement for the efficiency of these methods we also control for endogeneity of 
GDP using the GDP variable lagged two periods as the instrumental variable (IV) and 
in order to achieve completeness.  
Random coefficient model formulation is also used. This is known as 
Swamy’s (1970) model and relies on the idea that the cross section coefficient vectors   5
are “drawn” from a distribution with a common mean (Hildreth and Houck, 1968; 
Judge et al., 1988). The random coefficient model is given as 
YX it it i it = ′ + βε   N i ,.., 1 = ,   T t ,.., 1 =     (2) 
where Yit is the value of the dependent variable for country i and year t, Xit is a  1 × k  
vector of explanatory variables,  i β  is a  1 × k  vector of coefficients for country i, and 
εit  is a disturbance term. We assume that 
( ) εσ it i IN ~, 0
2         ( 3 )  
In this formulation, countries are heterogeneous in the sense that they have 
different regression coefficients. These coefficients are stochastic, and arise from a k -
variate normal distribution with moments as above. That is, we assume that each 
parameter is a random variable. This assumption may be presented as:     
βtk = βk  + utk    k=1,…,K   (4) 
where  βk  is a  1 × k  vector of mean coefficients; it is nonstochastic and a mean 
response coefficient. utk is a random disturbance with E[utk]=0 and var(utk)=αk
2
.  We 
are interested in calculating the mean response vector βββ = ( ,..., ) 1 k  and the 
covariance matrix of the error vector vt=(ut1,…,utK)′ which is given by E(vtvt′). If 
Xt′=(1, Xt1, Xt2,…,Xtk) then (2) can be expressed as  
  Y t = Xt′(β +vt)= Xt′β + Xt′vt= Xt′β +et    (5) 
which is the usual linear model formulation with a heteroskedastic error term et with 
variance σt
2=Xt′ΣXt. So the model may be estimated using a two-step generalized 
least squares (GLS) procedure.  
4. Empirical evidence 
  Our sample consists of the 73 countries (23 OECD and 50 non-OECD member 
countries), which have a full set of sulfur and purchasing power parity GDP per capita 
information for the period 1960-90 (A.S.L. and Associates, 1997; Lefohn et al., 1999; 
Summers and Heston, 1991)
1. The database used has 2263 observations per variable. 
In terms of the raw data, it is observed that emissions increase with income, but there 
is some sign of a decrease at high-income levels. We have used emissions rather than 
concentrations as the latter depend on both emissions and geographic location and 
atmospheric conditions in the form of wind velocity etc. We may justify the use of 
emissions, as there is no reason to expect that developing countries differ in any 
systematic manner in the dispersion of pollutants. 
  We first present the results for the whole of the database and for the OECD 
and non-OECD countries as shown in Table 2. Both the fixed and random effects 
models indicate the presence of a Kuznets curve, and parameter estimates as well as t-
statistics are quite similar. As we observe the implied turning points are extremely 
high for both the fixed and random effects for the whole dataset (n=2263) and they 
are equal to $123571/c and $91991/c respectively. Thus using the ASL database and 
fixed and random effect models produces a monotonic EKC for the total sample. The 
turning points for non-OECD countries and for the fixed and random effects models 
are much higher ($501936 and $361942 respectively).  
  Similarly, and from Table 3, the turning points for the OECD countries are 
inside the sample. Specifically for the fixed and random effects models they are equal 
to $9152 and $9166 respectively. Confirming the results derived in Stern and 
Common (2001), sulphur emissions per capita are a monotonic function of income per   6
capita, when they use a global sample and an inverted U-shaped function of income 
when they use a sample of high-income countries only.  
Table 2: Fixed and Random Effects results for the World and non-OECD countries 
Region  World n=2263  Non-OECD n=1550 
Model Fixed  Effects  Random 
Effects 
Fixed Effects  Random Effects 




















Adjusted R2  0.144 0.155  0.143  0.151 
Ρ 0,873  0,882  0,852  0,86 
AR(1) 88,3  89,7  71,59  73,71 
Turning Point  123571  91991  501936  361942 









Figures in parentheses are t statistics. AR(1) is a t-test on the residual autocorrelation coefficient ρ. 
 
  The Hausman test shows that country intercepts and income are correlated in 
the global model. The test shows that the random effects formulation cannot be 
consistently estimated. This suggests that there are omitted variables, which are 
correlated with GDP. The Chow test shows that there are differences in the estimated 
parameters between high- and low-income countries. The reported tests for serial 
correlation show that there is significant residual serial correlation in the individual 
countries even after common time effects have been removed
2.  
  The F test performed in order to test for the significance of the FE shows that 
the null hypothesis (of non significance) is always rejected implying that the 
assumption of constant intercept may not always be valid for the different countries. 
That is, although the above-average (and the below-average) income countries exhibit 
identical patterns in terms of the relationship between GDP increases and sulphur 
emissions, there are differences in levels, as they start from different levels of sulphur 
emissions.  
  A high level of predictability is observed in both cases of FE and RE model 
formulation. At an income level of $4135 (the lowest in the sample considered and for 
Portugal) the elasticity of emissions with respect to income was found to be 1,11. For 
an income level of $5819 (Ireland) the elasticity of emissions with respect to income 
was found to be 0,6329, for an income of $8838 (Austria) the elasticity is 0,049, for 
an income of  $9366 (Belgium) the elasticity is –0,0325 and for an income of $11426 
(Sweden) the elasticity is -0,31042
3.  
  The fixed and random effect models allow for variation only in the intercept 
and impose slope homogeneity, whereas the random coefficients models allow for 
random countrywide variation in all slope coefficients. Considering now the empirical 
results derived for the random coefficients model we see a quite different picture. The 
parameter estimates for the full data set and for the random coefficients models are 
presented in Table 4. We have tried a number of random coefficients models that 
differ in two dimensions: whether the variables are used in logs, and whether a   7
quadratic income term is included. Income and income squared (in levels or logs) are 
not statistically significant. The reason is that there is huge cross-country variation in 
i β ’s implying that even if Kuznets curves do exist, their parameters are so extremely 
heterogeneous across countries that an aggregate summarization is not very useful at 
all. 
Table 3. Fixed and Random Effects Results for the OECD countries 
























2 Adjusted  0,2998  0.311  0.332   
SE 0,565  0,29011  0,29122  0,3745 
Sign. FE    2095,9     
Ρ 0,99  0,911  0,908   
AR(1) 98,91  56,4  54,94   
Turning Point  10313  9152  9166   
Hausman test             0.25   
 
Table 4. Parameter estimates for the random coefficient models (t-statistics in parentheses)  
                  Random Coefficients 
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-9 
(-0.3882) 
   





2     -1.382 
(-1.118) 
  We tried separating the countries according to their geographical position into 
Southern and Northern countries as well as according to their income level. 
According to the latter distinction, we have defined the first group as above average 
income countries and the second as below average income countries. The  turning 
points in this case were $8203, $8671 and $7529 and $9221 for the FE and RE and for 
the above- and below-average income countries.  
5. Conclusions and Policy Implications 
  Like inequality, pollution tends to become worse before it becomes better 
along a country’s development path. Our results indicate the existence of an inverted 
U-shaped relationship between economic development and pollution in the form of 
sulphur emissions as shown in Figure 1.  
Specifically, using this panel database: 
1.  Using a random coefficients method does not support an EKC hypothesis. The 
main message from the random coefficients model is that income and its square 
(in levels or logs) do not appear to be statistically significant. The reason is that 
there is enormous cross-country variation in βi’s. This result implies that even if   8
Kuznets curve do exist, their parameters are so extremely heterogeneous across 
countries that an aggregate summarization is not very useful at all.  
2.  Fixed and random effect models produces a monotonic EKC for global and non 
OECD samples with extremely high turning points and an inverted U-shaped 
with within the sample turning points for the case of OECD countries. 
Estimating an EKC using data for only the OECD countries leads to estimates 
where the turning point is not biased downwards relative to that estimated using 
data for the World as a whole.  
3.  The turning point occurs at $9152 for the OECD countries, at $501936 for the 
non-OECD countries and at $123571 for the world in general.  
  A part of the steepness of the inverted U-shaped relationship between 
economic growth and pollution is due to policy distortions (under-pricing of natural 
resources, subsidies of energy and agrochemicals, etc), which are at the same time 
environmentally and economically destructive. Governments can flatten out their 
EKC by reducing or eliminating policy distortions, defining and applying property 
rights over natural resources, internalizing environmental costs to the sources that 
generate them. 
  The need for technology transfer to help developing countries to achieve 
sustainability emerges. The main idea is that abatement technologies in developed 
countries are cleaner and more advanced. As developing countries have no financial 
resources to import and use these technologies at commercial cost this implies that 
developed countries should transfer or facilitate the transfer of these technologies to 
less developed or developing countries. The impact of this technology transfer 
depends on the type of industrial activity. That is, in the energy sector these transfers 
will be more beneficial for the environment compared to other industries such as 
textiles, etc. It should be emphasized that transfer of information must accompany 
these technology transfers on know-how and skills to enable countries to design or 
modify their own technologies.  
  Desulphurization processes exist to reduce the sulphur content of the fuel in use.  
The extent of removal is dependent on the physical and chemical characteristics of the 
sulphur in the fuel. Control technologies can be classified into three categories: 1. pre-
combustion (physical coal washing and oil desulphurization); 2. during-combustion 
(sorbent injection and fluidized bed combustion); and 3. post-combustion (flue gas 
desulphurization, FGD). The choice of the technology will depend upon the 
characteristics of the fuel being burned and the standards for emissions, which must be 
met.  Ease of disposition or ability to reuse waste products was found to be a secondary 
but important determinant of the technology used, especially as it affects the economics 
of certain processes. Table 5 presents information on the cost-effectiveness of the 
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available technologies as well as the applicability and the capital and operating and 
maintenance costs.   
Table 5: Sulphur emission abatement options and costs (costs in $ million 1985). Costs are 
based on a new 500 MW power plant, using hard coal of 2% sulphur content, 70% load factor 
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All users  25  -  -       -  635-1625 
 




80  7.775  6.32  12.28  2100-2930 
 




Power  plants,    
industrial boilers 






New plants only  85  7.061  0.35   4.77  529-835 
 







90  29.462  1.67   4.02  650-1200 
Gas Oil 
Desulphurization 
All users  90  1.918  1.93   2.2   2900-3740 
Source: Halkos (1995) 
             E N D N O T E S  
1. Data are for the following countries:  
OECD: Australia, Austria, Belgium, Canada, Denmark, Finland, France, Greece, Ireland, Italy, Japan, 
Luxembourg, Netherlands, Norway, New Zealand, Portugal, Spain, Sweden, Switzerland, Turkey, UK, 
USA, West. Germany.  
Non-OECD:  Algeria, Argentina, Barbados, Bolivia, Brazil, Chile, China, Colombia, Cyprus, 
Czechoslovakia, Egypt, Ghana, Guatemala, Honduras, Hong Kong, India, Indonesia, Iran, Israel, 
Kenya, Korea, Madagascar, Malaysia, Mexico, Morocco, Mozambique, Myanmar, Namibia, 
Nicaragua, Nigeria, Peru, Philippines, Romania, South Africa, Saudi Arabia, Singapore, Sri Lanka, 
Syria, Taiwan, Tanzania, Thailand, Trinidad & Tobago, Tunisia, Uruguay, U.S.S.R., Venezuela, 
Yugoslavia, Zaire, Zambia, Zimbabwe 
2. A model estimated in first differences reduces statistical problems but results in a monotonic EKC 
when estimated on both high and low income samples. Stern and Common (2001) provide the results in 
first differences where the turning points again differ substantially.  They equal $53590, $586965 and 
$21545 for the global, OECD and non-OECD samples respectively.  
3. GDP may be an integrated variable at least in the case of the Western European countries (Stern, 
1998; Perman and Stern, 1999). The Hausman tests reported in Table 2 show that there may be omitted 
variables correlated with GDP. If the EKC regressions do not cointegrate the estimates may be spurious 
and non-cointegration is very possible. The very high reported autocorrelation coefficients in Stern and 
Common (2001) imply this conclusion. Thus the regression results reported above may be spurious. 
Differencing the data will eliminate potential stochastic trends in the series.    10
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